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A ALITAd

Photons emitted by & narrow laser bess are followed through wultiple scatterivg
events in the ocesn until registerad by 2z detector at the source position. A
realistic ocean model is used which takes secount not only of molecular scettering
(Rayleigh) and sbsorption, but aleo scetteriny and sbsorption by the hydrusols (Mie).
The single scattaring functior for the hydroscls is calculsted from Mie theory assum~
ing s relative index of refrac’ion of 1.15 end s size distridution with a modal
radius of Ju. Targets with varioue surface glbedos (i) are intrcduced at various
dietances from the source. The three dimensional path of the photons iy followed by
s Monte Carlo tachnique. Whan A > 0.02 the returned flux per unit photon path length
from the targets 1s grsater than the background from the jaser “eam for any target
distence. The returned flux fe plotted as a function of the photon path length, In
practice the detection distence is limited by the lowsst flux which (un be detecred
and the backgrowmd of natural light. Inhomogeneitizs in the opticel proparties of
the ocean can also be measured in this way.
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TiME OF FLIGHFT LIDAR MEASUREMENTS A5 AN OCEAN PROBE

George W. Kattawar and Gilbecc N, Fli.e

Abstruact

Photcns emitted by a narrow laser beam are followed through
multiple scattering events in the ocean until registered by a detector
at the source position. A realistic ocsun model i8 used which takes
account no. only of solecular eca*teri: 3 (Rayleigh) end absorption,
but also scattering and absorption by the hydrosols (Mie). The
single scattering function for the nhydrosols is calculated from Mie
theory sssuming a relative index of refraction of 1.15 and & size
distribution with a modal radius ot 3u. Targets with various surface
slbedos (A) are introduced at various distances from the source. The
three dimensional path of the photons is followed by a Monte Carlo
technique. When A 2 0.02 the returned fl ¢ per yvnit photon path length
from the targete is greater than «..e backgiound from the laser beam
for any target distence. The returned flur (s plotted as a f:;ction
of the photon path length. In practice the detection distance is
limited by the lowest flux vwhich cen be detected snd the background
of netural light. Tnhomogeneities 1a the optical properties cf the

ocesn can slso be measured in this way.

The authors are wiih the Department of Physics, Texas A&M University,

College Staticn, Texas 77843,




Introduction

The distribution of the photons emitted in a pulse of radiation
from 8 laser snd subsequently scattered oy the iisdrcacle »2- --=7] 35 the
Rayleigh scattering centers in the ocean provides important information
about the properties and spatial distribution of these particles.

In addition there is the practical problem of detecting an cbject

at a given dietance vhen {lluminated by a lseer source. Thecretical
guidance in these problems has not been avsilable since solutions of
the usual equations of radistive transfer are aot known when the source
is a8 narrow dbesm. Lidar measurements oeneath the ocean have been made,
but ro results e been published as yet.

This {e 3n !deal problem for the Monte Carlo method, since the
radiation at the detector can »e calculated through all orders of
multiple scattering for realistic phase functions that take account of
the highly anisotropic scattering from typical hvdroscls. The Monte
Carlo method used here ras been pieviously descrihed by us when solar
radiation is the oour:clws and vhen a laser source ie used in the
at-oophcrc.6 The fateraction o1 the laser beam with water molecules
and hydrosols is determined from single scattering functions. The
probability of scartering through & psrticular angle is gi{ver by the
appropriate single scattering function calculated ir:a Mie theorvy for
various polydisperse distributions. The scattering angle i1s chosen
from the appropriate single scattering function for each collision.

In the present atudy the detector fa always located at the position

of the source. Model oceans with various amounts of turbidity are

considered as well 2a targets with s range of surface albedos.




Method

The photons are emitted from the source uniformly into a cone
with a half angle of 10-3 radians. The exzact three dimensional path
of each photon 13 tollowed in lue CSTpsinT troeTiment.  The scattering
angle is chosen from the appropriate single scattering function.

At each coliiefon s radiance {» estimated at the detector. The detector
1is assumed o be located at the position of the source and to have a
nalf width of 5 x 10-3 radisns. At each collizion a choice is made

from an sappropriste distributica function as tc whether the photon s
interacting with a hydrosol or a vater molecule and whetlor the photon
is scattered or mbsoibed.

A veight, {nitially unity, {e assccisted with each photon. Colli-
sions are forced o that the photon uever leaves the ocean, the weight
associated with the photon {s changed each time a forceu coliision cceurs
so that the correct result is obtained. A trajectory is alsc never
terminated bucause of absorption; insitead the photon veight {s again
spprorriately adjusted to include this possibility. The use of the
concept of photon weights {e one of several important techniques which
are used to reduce the variance of the result. A photon tralectorv is

terwminsted only when its weight falls below a preassigned number, ususlly
g

taken as 10 °.
When a photon undergoes a collision with & Rayleigh scattering

center, the scattering sngle is chosen from the appropriate single

scattering function (- 1 4 ccnze). The single scattering functior for

3
the hydrosols was calculated exactly froa Mie theorv '8. The particulate




matter in the water was assumed to have n; = 1.15 and n, = 0.001,
where n] and nj; are the real and imaginary parts, respectively, of the
index of refraction with respect to water. A size distribution was
assumed which is constant for r < lu and proportional to r6 exp (-2r)
for r > lu, where r 18 the radius of the hydrosol. The modal radius
for this particle size distribution is 3u.

The single scattering function was computed from the Mie theory
for particles with this size distribution and index of réfraction.
The result is shown in Fig. 1 of Ref. 9. The scattering function is
highly anisotropic with strong forward scattering. These particular
values of the hydrosol parameters were chosen after a study of the

10-15. Many different

disparate values proposed in the literature
types of particles, both organic and inorganic, occur in ocean waters
in varying amounts. The real test of our model lies in a comparison

of the calculated single scattering function with experimental measure-

ments and eventually of the calculated and measured radiation fields.

15

Measurements of Beardsley ~ of the single scattering functions of nat-

ural hydrosols from ocean and coastal waters cover a range of scatter-
ing angles from approximately 10° to 130°. Within that range our
calculated curve agrees well with the measurements for ocean water.

. This agreement provides some justification for the choice of parameters
in our model. It also leads us to hope that the calculated values for
scattering angles nearer 0° and 180° are approximately correct, regions
where unfortunately there are as yet no experimental measurements.

Whenever a photon encounters a hydrosol the new scattering angle



is chosen in the Monte Carlo calculations from a cumulative distribu-
tion function calculated from the single scattering function. The
model is completed by the. specification of the ratios of the atten-
uation lengths B which determine the relative contributions of Rayleigh
and Mie scattering and the fraction of radiation absorbed by each type
of scattering center. The following values were assumed: BS,R/BT,R -
0.567, BS,M/BT,M = 0.833, and for BT,R/BT a range of values from 1.000
to 0.0714, where BS and BT represent scattering and total attenuation
lengths, respectively, and R and M represent the part due to Rayleigh
and Mie scettering centers. These parameters should be representative
of ocean water at A = 0.46p with varying degrees of turbidity. The
ratio BT,R/BT determines the amount of turbidity. (Note: in Ref. 9

due to a typographical error the value of BS,R/BT,R is given incorrectly

as 0.165; the value used in the calculation is 0.0165 at A = 0.65u.)

Results

The results were calculated first for an ocean model with pure
Rayleigh scattering; this corresponds to an unusually clear ocean with
no appreciable hydrosol scattering. The returned flux as a functicn
of the photon path length is given in Fig. 1. The returned flux is
normalized to unit flux emitted by the source. In each case the returned
flux is expressed as the total flux returned fér all photons whose
path length lies within a one meter path interval. Since the photon
path length is the total distance covered by the photon from source to
detector, it is proportional to the time delay between the sending of

the pulse and its detection. The total attenuation length is assumed



to be 0.036 m L,

The circles shown in Fig. 1 indicate the calculated returned flux
including all orders of multiple scattering when the targec is located
at 10 m. The returned flux from the target is indicated by the circles
on a vertical line at a photon path length of 20 m. The numbers beside
the circles indicate the albedo (A) of the target. 1In this case when
A = 1, the returned flux from the target is several orders of magni-
tude greatef ihan that returned by the scattering centers in the
ocean near the target. Even when A = 0.01, the returned flux is signif-
icantly above the oceanic background.

Similarly the calculated returned flux is shown by other symbols
when the target is at 30 m, 50 m, and 80 m. In each case the rcturned
flux from the ocean for a given photon path length is nearly the same
regardless of the position of the target. This oceanic backéround
decreases with photon path length because of both exponential atten-
uation and the r-2 factor in the intensity. The small fldctu&ticﬁ in’
the Monte Carlo results is evident upon comparison of these~fourkéom-
pletely independent calculations. Within the assumptions of this
calculation a target could be detected with equal ease at auy distance
provided only that the low level of the returned flu:. could be meaéufed.
However, no other light source than the laser has been assumed. At
some point the veturned flux could not be detected above the ambient '
light level in :che ocean at the detector. It is interesting that a
targetvcan be detccted in prinzcipal at any distance by this method.

Next the influence of photon scattering from the hydrosois in a



moderately clear ocean was considered. The ratio BT,R/BT is chosen

as 0.5. Thus in half of the collisions the photon interacts with a
hydrosol and in the other half with a Rayleigh scattering center. The
attenuation length is assumed to be 0.072 m . The results are given
in Fig. 2 for targets at 10, 30, 50, and 80 m. The returned flux
decreases more rapidly with photon path length when hydrosol scatter-
ing is included. Also the flux returned from the target is not only
smaller, but is closer to the background from the oceanic scattéring.
The points for a target with A = 0,01 are only slightly above the
background.

4 ratio BT,R/BT = 1/14 is assumed for the next case in order to
study the laser scattering in very turbid ocean or coastal water. The
results are given in Fig. 3 for targets at 2, 5, and 10 m. Since the
attenuation length is now 0.216 m'l, the photons can not penetrate a
great distance in this turbid water. The returned flux decreases
much more rapidly with photon path.lengyh compared to the previous cases.
Also the returned flux from the target is closer to the oceanic background
for a given target albedo. The returned flux for a target with A = 0.02
is only slightly above the background. Again it is found that the
returned flux from the target can be discriminated from the background
with equal ease no matter what the target distance provided the very
weak returned signals can be detected and provided the background from
the laser source is larger than the background from natural light sources.

' The ocean has been assumed a homogeneous medium in the three cases

studied here. How do inhomogeneities in the real ocean influence these



results” Can cczani- layers with different opticsl preoperties he

distinguished by this method? Severa: ad:itional calculations wvere
made to study irhomogeneities in the ccean, In 2all cases the target
was placed at 50 m=. For compariscn the results of the previocus cal-~

culation w.ith

& _/3_ = 0,5 are sh ; squares in Fig, !
R, = 1,5 are shown as squares in Fig, &
in the first i{phomogenecus nmcde! it 1s assured that ~ R;ET = 0
1y
from 0 < 2z < 25 and from 3D < 2 < 50 w, and & F/ET = G.2 from
T,R

25 < z < 30 m. The distance z is measured frow the socurce and detector.
This mxde] represents a turbid laver in the ocean over the range
25 <« z < 30 2. The results shown by open circles show that the re-
turned flux shows an gppreciable i{ncrease as the photon path length
increases through 60 = (the total distance from scurce :o boundary of
turbid layer back tc detector). The filux then decreases more rapidlvy
than previoualy through the turbid laver. When the photon vath length
is grester than 60 @ the sliope of the curve apprcaches its previcus
value, but the value of the returned flux i{s now appreciablv belcw the
corresponding values for the homo, sneous case because ~f the in<reased
absorpticn by the turbid layer. This turbid iaver noticeably alters
the oceanic background and could easily be detecred.

The second inhomogenecus model 1s the same as the first except
that the turbid laver is assumed from 40 < ¢ < 50 m, The returned
flux agreee with the homogeneous model up te a photen path length cof 80 m,
At this point the :eturned flux abruptly increases and then falls helow
the homogeneous model. The returned flux frox the target is also

indf{cated in Fig. 4. 1In all cases given here a rarget with A = 0,02




could be dirtinguished froz the oceanic backgrownd,

The third inhomogenous model has five di{fferent lavers each with
its own opticel properties, The aim here was to Investigate the influence
of a mcre nesrly continucus variaticn in the optical properties of the
ocean. The assumed properties of the .ayers were: ET,RIET = 1/2,

0 <z<10wm; B8, /B = 1/3, 10 < z < 20m; 8. /8 _= 1/4, 20 « 2z < 30 m;
TROOT I,R "7

/8, % 175, 37 < 2z < 40 &; & = 176, 40 < z < 50 m. At the

5 8
T.R T, T

first boundary (photen path length of 20 m) the returned flux increases
at first and the absolute value of the slope of the curve alsc increases.
The same effect occurs at each boundary, althcugh on a decreasing

scale as the relarive change in the properties of the water is less at
each boundary. The result {s to change the slope of the returned

flux curve a: each of the boundaries. A measuremert of the slope of

this curve providee information about the iocal optical properties of
the vater.

The importance of multiple ncattering in the calculation of the
returned flux depends grestly on the paraceters of the problem. In
general wultiple scattering is more important the more turbid the
water #nd the larger the photon path length. When BT'RIBT = 1/2 the
ratio of the returned flux including multiple scattering to the single
scattered flux is about 1.1 at a photon path length of 40 & and about

1.5 at 100 m. When ST R/BT « 1/14 the same ratio is about 1.1 at a
1]

photon path length of 4 m, 1.5 at 10 n, and 3.0 at 20 =m.

T Y 1 b b et A Bt s LIS ¥ £
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Conclusicn

When the surface albedec of a target is greater than about 0.02
1t can be detected at any distance in theory by 3 measurezent of the
rezurned flux from a laser as a function of the photun path length
{propertional to the delay timej. 1In practice the detection distance
is limited by the lowest flux which can be measured and by the back-
ground from natursl light scurces. The slope of the curve for the
returned flun as a ‘unction of the photon path iength varies with the
turbidity of the water. An optically inhomogeneous oncesn causes
measurable changes {n eirther the value or the slope of the ret .rned
flux curve.

fhis research was supported by the Office of Naval Research

through contract # NOOQ 14-68~A-0308-0002 under Project NR 083036.
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Figure 1
The returned fiux from a laser source as a function of the photon
path length in meters. The half angle of the source and detector
are 10-3 radians and 5 x 10-3 radians respectively. Calculated points
are shown for the returned flux including all orders of wultiple
scettering for targets at 10, 30, 50, and 80 =. The returned fiux
from the target is shown for varicus assumed values of the surface
slbedo (A). The returned flux 18 normslized pe. unit flux from the

source &nd per meter of photon path length. Only Rayleigh scattering

is taken into account.
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Figure 2

Returned flux as 2z function of photon path length in meters. Both

Rayleigh and hydrosci scattering centers are assumed. The rati~ of
the total Raylaeigh attenuvaticn length (BT R) to the total atienuation

length from both Rayleigh centers and hydrosols (ST). B, /8

.78 = 1/2.

See capti.a to Fig. 1.
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Figure 3
Returned flux as a funciion of photon peth length in meters.
By ‘/87 = 1/le. Targets sre sssumed at 2, 5, and 10 m. See

caption to Pig. 1.
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Figure 4
Returned flux as & function of ph path lengtn in meters. The
target is assumed at 50 c. Calculated points for a homogeneous

ocean with ST RIET = 1/2 sre indicated by squares. Open circles are

the same axcept for a turbid layer {8 /ST = 1/5) from &5 < z < 30 =,

T,k
where z is the distance {rom the source. Croeses are the sams model,
axcept the turbid layer {s from 40 < - < 50 m. Soltd circles indicate
s model with five differant layers, each with differont optical pro-

N e Y/ .
pertise: BT'./ﬁT 1/2, 0 < g < 10 m; 8
o 1/&, 20 < 2 < 0 w; B

I - ! < ‘52! .
T,I'ST 113, 10 < ¢ Cm
8 IBT = 1/%, 30 < g < &0 m; &

.2’ .2 b T

A0 < £ < S0 ®. See caption to Fig. 1.
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